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Knowledge a c q u i s i t i o n  i s  s d i d  t o  be t h e  b igges t  
bo t t l eneck  i n  the  development o f  exper t  sys- 
tems. The problem i s  g e t t i n g  the  knowledge ou t  
o f  t he  e x p e r t ' s  head and i n t o  a computer. 
c o g n i t i v e  psychology c h a r a c t e r i z i n g  mental 
s t r u c t u r e s  and why exper t s  are yood a t  what 
they do i s  an impor tan t  research drea. I s  
t he re  some w d j  t h a t  t he  t o o l s  t h a t  psycholo- 
g i s t s  have developed t o  uncover mental s t r u c -  
t u r e  can be used t o  b e n e f i t  knowledge eng i -  
neers? We t h i n k  t h a t  t he  way t o  f i n d  o u t  i s  t o  
browse through the  p s y c h o l o g i s t ' s  t oo lbox  t o  
see what t h e r e  i s  i n  i t  t h a t  might  be o f  use t o  
knowledge engineers. 

Exper t  system devel opers have re1  i e d  on two 
standard methods f o r  e x t r a c t i n g  knowledge from 
the  exper t :  (1) the  knowledge engineer engages 
i n  an i n tense  b o u t  o f  i n te rv iews  w i t h  the  ex- 
p e r t  o r  exper ts ,  o r  ( 2 )  t he  knowledge engineer 
becomes an exper t  h imse l f ,  r e l y i n g  on i n t r o -  
spec t i on  t o  uncover the  b a s i s  o f  h i s  own exper- 
t i s e .  Un fo r tuna te l y ,  these techniques have the 
d i f f i c u l t y  t h a t  o f t e n  the  exper t  h imse l f  i s n ' t  
consc ious ly  aware o f  t h e  b a s i s  o f  h i s  exper- 
t i s e .  I f  the  exper t  h imse l f  i s n ' t  conscious o f  
how he solves problems, i n t r o s p e c t i o n  i s  
useless.  

Cogn i t i ve  psychology has faced s i m i l a r  problems 
f o r  many years and has devel oped exp lo ra to ry  
methods t h a t  can be used t o  d i scove r  c o g n i t i v e  
s t r u c t u r e  from simple data. 

We w i l l  s k i p  over what we c a l l  " d i r e c t "  methods 
f o r  knowledge a c q u i s i t i o n .  D i r e c t  methods 
i nc lude  in te rv iews ,  quest ionnai res,  p ro toco l  
analys is ,  i n t e r r u p t i o n  analys is ,  and i n f e r -  
e n t i a l  f l o w  ana lys i s .  Our goal here i s  t o  
expose the reader t o  " i n d i r e c t "  methods, 
methods which are l i k e l y  t o  be a good deal l e s s  
f a m i l i a r  t o  the  p r a c t i c i n g  knowledge engineer: 
mul t id imensional  sca l i ng ,  h i e r a r c h i c a l  c l u s t e r -  
i ng ,  general weighted networks, ordered t rees ,  
and r e p e r t o r y  g r i d  ana lys i s .  Bu t  f i r s t ,  a few 
p o i n t s  need t o  be made about the  v a r i e t y  o f  
ways t h a t  exper t s  can organize i n fo rma t ion .  

I n  

Simp1 e OBJECT-ATTRIBUTE -VALUE t r i p l e s  and f o r -  
ward and backward search s t r a t e g i e s  are on ly  a 
few o f  t he  knowledge s t r u c t u r e s  and search 
s t r a t e g i e s  t h a t  human exper t s  seem t o  have. 
Exper t i se  i s  p r i m d r i l y  a s k i l l  o f  r e c o g n i t i o n ,  
o f  "seeing" o l d  p a t t e r n s  i n  a new problem. 
Chess exper ts ,  f o r  instarice, have t h e  same 
l i m i t e d  a b i l i t i e s  as novices t o  ho ld  i n f o r -  
mation f o r  ana lys i s ;  t h e i r  non-chess memory 
a o i l i t i e s  a re  n o t  excep t iona l .  They excel 
because they have hundreds o f  thousands of 
chess c o n f i g u r a t i o n s  i n  t h e i r  hedds, and 
because they can q u i c k l y  encode the  c u r r e n t  
s i t u a t i o n  i n t o  c o n s t e l l a t i o n s  o f  p r e v i o u s l y -  
seen chess pa t te rns .  
good moves f o r  t he  e x p e r t  i s  thus r e s t r i c t e d  t o  
a small s e t  o f  know-yood moves t h a t  f i t  the 
pa t te rns ,  whereas the  nov ice has no such e x p e r t  
p a t t e r n  knowledge t o  f i l t e r  o u t  bad candidates. 

There i s  a l s o  evidence t o  suggest t h a t  exper t s  
see more r i c h l y  encoded p a t t e r n s  than nov ices 
do. They have organized the  concepts i n  t h e i r  
knowledge bases w i t h  much more depth and w i t h  
many more c e n t r a l  assoc ia t i ons  than novices. 
For  example, i n  t h e  l a b o r a t o r y  we found t h a t  
exper t  ALGOL programmers had much more s t r u c -  
t u r e  i n  t h e i r  concept r e l a t i o n s h i p s  than d i d  
nov ice programmers. Furthermore, t he  exper t s '  
mental o rgan iza t i ons  were h i g h l y  s i i n i l a r ,  
whereas the  novices had scat tered,  i d iosyn -  
c r a t i c  o rgan iza t i ons  f o r  ALGOL-specific 
concepts. [31 

Not on l y  do exper t s  have in fo rma t ion  organized 
i n  a h i g h l y  s t r u c t u r e d  way, they a l s o  use a 
v a r i e t y  o f  d i f f e r e n t  k i n d s  o f  knowledge s t r u c -  
t u res .  Fo r  instance,  some t h i n g s  are s to red  i n  
simple l i s t s  l i k e  the  months o f  t he  day and the  
days o f  t he  week. 
t a b l e  b e t t e r ,  i n fo rma t ion  such as calendar 
appointments and t h e  p e r i o d i c  t a b l e .  Some 
in fo rma t ion  i s  s to red  as a f l o w  diagram, such 
as dec i s ion  t rees ,  f o r  example, rep resen t ing  
the r o u t i n g  o f  telephone messages t o  people who 
can handle them. There i s  i n fo rma t ion  s to red  

The choice o f  candidate 

c1, 21 

Other i n fo rma t ion  f i t s  a 

293 



i n  h i e r a r c h i e s  o f  r e l a t i o n s h i p s ,  nested ca te -  
go r ies  o r  c l u s t e r s ,  such ds animal taxonoillies 
o r  ta in i l  i d 1  r e l a t i o n s h i p s .  Networks s t o r e  
r i c h l y  connected language assoc ia t i ons .  I n f o r -  
i l lat ion concerning room drrdriyeinerits o r  iiiaps m y  
be s to red  as a phys i ca l  model u r  phys i ca l  
space. And, some in fo rmd t ion  may be s tored 
about a d e v i c e ' s  i n t e r n a l  components and how 
they are causa l l y  r e l a t e d  ds a phys i ca l  model, 
commonly r e f e r r e d  t o  ds a inental lflodel. Thus, 
exper t s  lnay n o l d  wnat they know about ob jec ts  
and t r i e i r  r e l a t i o n s h i p s  i n  inany d i f f e r e n t  r e -  
p resen ta t i ons ,  each s u i t d b l e  f o r  a $ a r t i c u l a r  
k i n d  o f  reasoning o r  r e t r i e v a l .  

METHODS FOR KNOWLEDGE ACQUISITION 

There dre two general c lasses o f  methods f o r  
revedl  i n g  wnat exper t s  know. " D i r e c t  Methods" 
ask the  exper t  t o  r e p o r t  on knowledge t h a t  can 
be d i r e c t l y  expressed. Tn is  s e t  o f  inerhods 
i nc ludes  i n te rv iews ,  quest ionnai res,  simple 
observat ion,  t h ink ing -ou t - l oud  p r o t o c o l s  , 
i n t e r r u p t i o n  ana lys i s ,  and i n f e r e n t i a l  f l o w  
ana lys i s .  I n  c o n t r a s t ,  " I n d i r e c t  Methods" do 
n o t  r e l y  on exper t s '  a b i l i t i e s  t o  a r t i c u l a t e  
t h e  i n f o r m a t i o n  t h a t  i s  used, o r  how i t  i s  
used. Instead,  i n d i r e c t  methods use other  
k i n d s  o f  behavior ,  such as r e c a l l  froin memory 
o r  r a t i n g  scales, as the b a s i s  f o r  in ferences 
dbout what the  e x p e r t  must have known (and, 
pernaps, t he  form i n  which i t  must have been 
represented)  i n  order  t o  produce t i l e  responses 
t h a t  were observed. I n d i r e c t  metnods i nc lude  
mu1 t i d imens iona l  sca l i ng ,  h i e r a r c h i c a l  c l u s t e r -  
i ng ,  general weighted networks, ordered t rees ,  
and r e p e r t o r y  g r i d  ana lys i s .  

INDIRECT MTHODS 

A l l  o f  t h e  d i r e c t  methods mentioned above ask 
t h e  exper t  d i r e c t l y  what he knows. They r e l y  
on t h e  a v a i l a b i l i t y  o f  t he  i n f o r m a t i o n  t o  bo th  
i n t r o s p e c t i o n  and a r t i c u l a t i o n .  O f  course, i t  
i s  n o t  always the  case t h a t  t he  exper t  has 
access t o  the  d e t a i l s  o f  h i s  inental processing. 
I n  f a c t ,  i t  i s  n o t  uncommon f o r  exper t s  t o  
pe rce i ve  complex r e l a t i o n s h i p s  o r  come t o  sound 
conclus ions w i t h o u t  knowing e x a c t l y  how they 
d i d  it. I n  these cases, i n d i r e c t  knowledge 
e l i c i t a t i o n  methods are requ i red .  

I n  t h e  f o l l o w i n g  methods, exper t s  a re  asked n o t  
t o  express t h e i r  knowledge d i r e c t l y .  I ns tead  
they a re  g i ven  a v a r i e t y  o f  o the r  tasks,  e.g., 
t o  r a t e  how s i m i l a r  two g iven ob jec ts  are, o r  
t o  r e c a l l  a c o l l e c t i o n  o f  ob jec ts  severa l  t imes 
from p resc r ibed  s t a r t i n g  p o i n t s .  
r e s u l t s ,  t he  ana lys t  then i n f e r s  the  under l y ing  
s t r u c t u r e  among t h e  ob jec ts  r a t e d  o r  r e c a l l e d .  
A l l  t he  i n d i r e c t  methods discussed here have 
been v a l i d a t e d  i n  experimental s tud ies  t h a t  
have conv inc ing l y  demonstrated t h e i r  psycho- 
l o g i c a l  v a l i d i t y .  

To make progress, these d i f f e r e n t  techniques 
must make assumptions about the  way the data 
were produced. Assumptions must be made dbout 

From the  

t t ie  nature o f  the mental rep resen ta t i on :  I s  i t  
phys i ca l  space, 1 i s t s ,  networks o f  assoc ia t i on ,  
t db les ,  e t c  .? Furthermore, the s t ronger  the  
assumptions t h a t  tne dna lys t  i s  ab le  t o  mdke, 
the  s t ronger  the conclus ions t h a t  cdn be made. 
Thus, i t  i s  impor tant  f o r  the a n a l y s t  t o  make a 
good guess dbout what form t i l e  e x p e r t ' s  under- 
l y i n g  rep resen ta t i on  i s  l i k e l y  t o  take. An 
inforined guess can be made a f t e r  i n i t i a l  i n t e r -  
views w i t h  the exper t ,  as we l l  as from c a r e f u l  
quest ion ing and no t i ng  o f  o b j e c t  iiaines and 
no ta t i ons  t h a t  the exper t  uses. 

O f  the methods t o  be discussed, mul t id imen-  
s iond l  sca l i ng ,  h i e r d r c i i i c a l  c l u s t e r i n g ,  and 
general weighted netwurks are the  most genera l ,  
i n  t he  sense t h a t  they make the  weakest assump- 
t i o n s  about the data be ing dndlyzed. 
t h ree  methods can be reasonabl j  app l i ed  t o  any 
s i m i l a r i t y  judgments, w h i l e  r e p e r t o r y  g r i d  
ana lys i s  dnd ordered t r e e  ana lys i s  make st rong 
psychologica l  assumptions about the  k i n d  o f  
mental s t r u c t u r e  and processes under 
i n v e s t i g a t i o n .  

m l t i d i m e n s i o n a l  Sca l i ng  

Mul t id imensional  s c a l i n g  (MDS) i s  a technique 
t h a t  should be used on ly  on s i m i l a r i t y  data 
t h a t  can be assumed t o  tiave come from stored 
rep resen ta t i ons  o f  phys i ca l  n-dimensional space 
[4 ] .  The sub jec t  prov ides s i m i l a r i t y  judgments 
on a l l  p d i r s  o f  ob jec ts  i n  the  domain o f  i n t e r -  
es t .  These judgments are assumed t o  be bo th  
syminetric and graded, 
s i m i l a r i t y  o f  A t o  B must be the  same ds the  
s i m i l a r i t y  o f  B t o  A (symmetry) and t h a t  t he re  
rmst  be a continuum o f  poss ib le  s i m i l a r i t y  
values r e l a t i n g  A dnd B, n o t  merely a simple 
judgment o f  s i m i l a r  o r  d i s s i m i l a r  (gradedness). 

A computer program i s  requ i red  t o  per form the  
mul t id imensional  s c a l i n g  ana lys i s .  The r e s u l t  
i s  a c o n f i g u r a t i o n  o f  t he  ob jec ts  i n  space. 
The d imens iond l i t y  o f  t he  space and t h e  m e t r i c  
t h a t  obta ins i n  i t  are se lec ted  by t h e  ana lys t ,  
u s u a l l y  on the  b a s i s  o f  t r i a l  and e r r o r .  

O f  course, i t  may n o t  be poss ib le  t o  f i n d  a 
c o n f i g u r a t i o n  t n a t  e x a c t l y  represents  t h e  gene- 
r a t i n g  s i m i l a r i t y  ma t r i x .  I n  f a c t ,  each MDS 
s o l u t i o n  has a " s t ress "  value associated w i t h  
i t  t h a t  prov ides a measure o f  t h e  degree t o  
which the  computer-produced c o n f i g u r a t i o n  and 
the i n p u t  m a t r i x  d i f f e r .  I n  p r a c t i c e ,  t h e  
ana lys t  l o o ~ s  f o r  t he  lowest  s t r e s s  s o l u t i o n s  
w i t h  the  fewest dimensions. 

The MDS technique i s  good f o r  producing a d i a -  
gram t h a t  the exper t  can l a t e r  i nspec t  and 
descr ibe i n  more d e t a i l .  It can reveal  i n t e r -  
e s t i n g  c l u s t e r s  o f  ob jects ,  neighbor r e l a t i o n s ,  
and o u t l i e r ,  o r  " f r i n g e "  ob jec ts .  One d i f f i -  
c u l t y  w i t h  t h i s  technique, as w e l l  as the  
others t h a t  we descr ibe t h a t  r e q u i r e  a s i m i -  
l a r i t y  ma t r i x ,  i s  t he  ted ious and time-consum- 
i n g  process o f  c o l l e c t i n g  the pa i r -w ise  judg-  
ments. Fo r  n ob jec ts  n(n-1) /2  judgments a re  
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requ i red ,  a number t h a t  soon grows q u i t e  l a r g e ,  
even f o r  mot ivated subjects .  

A second d i f f i c u l t y  w i t h  the  tecnnique i s  d i s -  
cover ing the r i g h t  space: i n  p a r t i c u l a r ,  t he  
r i g h t  diinensional i t y ,  the  r i g h t  d i s t m c e  ae t -  
r i c ,  the r i g h t  s t a r t i n g  co r i f i yu ra t i on ,  and the  
r i g h t  i n t e r p r e t a t i o n  o f  c l u s t e r s  and dimen- 
s ions.  
t he  a n a l y s i s  i s  f a i r l y  s t r a i g h t f o r w a r d ,  b u t  
i n t e r p r e t i n g  the r e s u l t s  requ i res  some 
exper t i se .  

C l u s t e r  Ana lys i s  

L i k e  MDS, c l u s t e r  a n a l y s i s  s t a r t s  w i t h  a m a t r i x  
of synrnetric s i m i l a r i t y  judgments. 
many c l u s t e r i n g  a lgo r i t hms ,  developed f o r  many 
purposes, b u t  f o r  psychologica l  i n v e s t i g a t i o n s  
Johnson h i e r a r c h i c a l  c l u s t e r i n g  i s  t he  method 
o f  choice,  because the  r e s u l t  o f  t h i s  c l u s t e r -  
i n g  technique i s  s e n s i t i v e  on l y  t o  t h e  o r d i n a l  
p r o p e r t i e s  o f  t he  s i m i l a r i t y  judgments and n o t  
t o  magnitude C51. T h i s  i n s e n s i t i v i t y  t o  judg-  
ment magnitude r e f l e c t s  tne  prudence requ i red  
i n  i n t e r p r e t i n g  psycho1 o g i c a l  judgments. 

Johnson h i e r a r c h i c a l  c l u s t e r i n g  produces h i e r -  
a r c h i c a l  rep resen ta t i on  o f  the i tems o f  i n t e r -  
e s t ;  t h e  h ie ra rchy  take  t h e  form o f  a roo ted  
t r e e  i n  which the  i tems are the  " leaves." Each 
subtree forms a c l u s t e r  and the  path t h a t  con- 
nects  two i tems i n  t o e  t r e e  i s  a measure o f  t he  
diameter of t he  sma l les t  c l u s t e r  t h a t  con ta ins  
them both.  

H i e r a r c h i c a l  c l u s t e r i n g  i s  o r d i n a r i l y  done 
u s i n g  e i t h e r  the  "minimum" method, i n  which 
t h e  s i m i l a r i t y  between two c l u s t e r s  i s  t h a t  o f  
t h e  most s i m i l a r  i tems i n  e i t h e r ,  o r  t he  "maxi- 
min" method, i n  which t h e  s i m i l a r i t y  between 
two c l u s t e r s  i s  t h a t  o f  t h e  l e a s t  s i m i l a r  i tems 
i n  e i t h e r .  The minimum method tends t o  g i v e  
long,  s t r i n g y  c l u s t e r s ,  t he  maximum method 
t i g h t ,  spher i ca l  ones. 

General Weighted Networks 

T h i s  i s  a t h i r d  method u s i n g  a syminetric s im i -  
l a r i t y  m a t r i x  obta ined froin exper t s '  pa i r -w ise  
s i i n i l a r i t y  judgments. I n  t h i s  case the re  i s  a 
somewhat more t h e o r e t i c a l  bas i s  f o r  the anal - 
y s i s :  We assume t h a t  i n  producing t h e  judg-  
ments the  e x p e r t  i s  t r a v e r s i n g  some mental 
network o f  assoc ia t i ons ,  a network i n  which 
tne re  i s  a s i n g l e  pr imary path between every 
two i tems, and, f o r  some o f  them, a d i f f e r e n t l y  
encoded, secondary pa th  as w e l l .  

The o b j e c t  o f  t h i s  method, which was developed 
by Sctivaneveldt, e t  a l .  [6, 71, i s  t o  recon- 
s t r u c t  t h e  a s s o c i X i E  network through the 
s i m i l a r i t y  judgments. I n  a t tempt ing t h i s ,  
Schvdneveldt, e t  a l . ,  r e c e n t l y  i n v e s t i y a t e d  the  
na tu re  o f  e x p e F € i G  i n  a i r p l a n e  p i l o t  p e r f o r -  
mance u s i n g  networks. 

Once the  da ta  are i n  hand per forming 

There are 

The method requ i res  a computer and works as 
f o l l o w s :  F i r s t ,  a Minimal Connected Network 
(MCN) i s  formed by connecting the most s i m i l a r  
i tems, then t i l e  next  most s i r i i i l  a r  i tems, e tc . ,  
w i t h  arcs u n t i l  t he re  i s  a un ique path between 
any two i tems ( a  minimal spanning t r e e ) .  I n  
the  second stage o f  the ana lys i s  more l i n k s  are 
added t o  the  MCN t o  form the  Minimal E laborated 
Network (MEN). To form the  MEN we add a l i n k  
between two i tems t o  the  MCN i f  and on ly  i f  i t  
i s  sho r te r  than the path between them i n  the 
MCN . 
The i n t e r p r e t a t i o n  o f  t he  MCN and MEN i nvo l ves  
l o o k i n g  f o r :  

(1) dominating concepts-those t h a t  have a 
l a r g e  number o f  connection s t o  many 
o the r  nodes; and 

members o f  c y c l e s - c o l l e c t i o n s  o f  i tems 
t h a t  are f u l l y  l i n k e d  i n  c i r c u l a r  
paths. 

( 2 )  

I n  t h e i r  e x p l o r a t i o n  o f  t he  MCN and MEN fo r  
b o t h  exper t  and nov ice p i l o t s  Schvaneveldt, e t  
a1 ., c o l l e c t e d  s i m i l a r i t y  judgments on a s e t 7 f  
T r y i n g  terms having t o  do w i t h  " s p l i t - p l a n e  
concepts." The ana lys i s  o f  t he  judgments 
reveal  ed : 

(1) 

( 2 )  E laborated l i n k s  connected l a r g e r  
i n t e g r a t e d  conceptual s t r u c t u r e s .  

( 3 )  Exper ts  cou ld  e a s i l y  i d e n t i f y  l i n k  
r e l a t i o n s  i n  t h e  networks, r e l a t i o n s  
such as " a f f e c t s  , I' " i s -a, " "des i r- 
able, 'I and "acceptable. " 

E x p e r t ' s  s t r u c t u r e s  are s impler  than 
students ' . 

The f a c t  t h a t  t he  exper ts  were so c l e a r l y  d i f -  
f e r e n t  from novice f l i e r s  suggests t h a t  t h i s  
GWN technique can reveal  s i g n i f i c a n t  aspects o f  
exper t i se ,  aspects t h a t  c l e a r l y  should be en- 
coded i n t o  an exper t  system. 

The o b j e c t  o f  t he  ordered t r e e  technique i s  t o  
induce a s u b j e c t ' s  mental s t r u c t u r e  f o r  t he  s e t  
o f  to-be-recal 1 ed i teins from h i s  r e c a l l  orders.  
The s t r u c t u r e  w i l l  be an ordered t ree ,  t h a t  i s ,  
a t r e e  which r e f l e c t s  the  s u b j e c t ' s  c l u s t e r i n g  
and p r i o r i t i z a t i o n  o f  t he  i tems o f  i n t e r e s t .  

U n l i k e  h i e r a r c n i c a l  c l u s t e r i n g ,  the ordered 
t r e e  technique i s  based on a d e t a i l e d  psycho- 
l o g i c a l  model o f  how the  r e c a l l  orders dre 
produced by  the  sub jec t :  
p l e  r e c a l l  a l l  i tems from a s to red  c l u s t e r  
be fo re  r e c a l l i n g  i tems from another c l u s t e r .  
( T h i s  i s  t he  hypothes is  i m p l i c i t  i n  t he  concept 
o f  "chunks" i n  memory.) 

T h i s  assumption b u i l d s  on data froin people 
r e c a l l i n g  from known ( l e a r n e d )  o rgan iza t i ons .  

It assumes t h a t  peo- 
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R e g u l a r i t i e s  found throughout a s e t  o f  orders 
are taken as evidence o f  respons ib le  mental 
s t r u c t u r e  and processing. Sets o f  orders need 
n o t  come from r e c a l l ;  they can be obta ined 
simply by asking subjects  t o  order  i tems so 
t h a t  i tems t h a t  a re  r e l a t e d  are placed 
together .  

The computer program t h a t  conducts ordered t r e e  
ana lys i s  examines a l l  orders f o r  se ts  o f  i t em 
t h a t  form connected suborders. The s e t  o f  a l l  
such connected i t em se ts  forms a l a t t i c e  o f  
chunks, where the  elements o f  t he  l a t t i c e  are 
ordered by s e t  i n c l u s i o n .  The l a t t i c e  i s  con- 
ve r ted  i n t o  an ordered t r e e  s t r u c t u r e  i n  which 
a node rnay be marked as u n i d i r e c t i o n a l  ( o n l y  
one order  o f  i t s  c o n s t i t u e n t s  was seen), b i -  
d i r e c t i o n a l  ( o n l y  one order  and i t s  i nve rse ) ,  
o r  nond i rec t i ona l  (more than two orders ob- 
served). The program can a l s o  per form c e r t a i n  
advanced analyses i n  a d d i t i o n ,  such as ca l cu -  
l a t i n g  an index o f  o rgan iza t i on  dnd look ing  f o r  
anomalous, o r  "out1 i e r , "  orders, whose exc lu -  
s ion  from the  ana lys i s  y i e l d s  a new t r e e  s t r u c -  
t u r e  w i t h  s i g n i f i c a n t l y  inore s t r u c t u r e .  

T h i s  technique has been used i n  a v a r i e t y  o f  
s tud ies  o f  exper t -nov ice d i f f e r e n c e s .  I n  [31, 
f o r  example, novice, in termediate,  and exper t  
ALGOL-W programmers were asked t o  r e c a l l  ALGOL 
keywords many t imes from many d i f f e r e n t  s t a r t -  
i n g  p o i n t s  w h i l e  t h e i r  performance orders were 
recorded. Exper ts  d i f f e r e d  remarkably from the 
novices. 
and t h e  s i m i l a r i t y  among t h e  e x p e r t  s t r u c t u r e s  
(ordered t r e e s )  was f a r  g rea te r  than t h a t  among 
t h e  novices. I n  [21], fur thermore,  t he  pauses 
between r e c a l l s  o f  successive i tems was ac- 
counted f o r  by  t h e  nurnber o f  chunk boundaries 
crossed i n  the  i n f e r r e d  memory o rgan iza t i on .  
There have been a v a r i e t y  o f  s tud ies  t h a t  have 
used t h i s  technique t o  reveal  o rgan iza t i on  i n  
d i f f e r e n t  domains o f  exper t i se ;  a l l  have shown 
a convergence among exper ts  i n  t h e i r  mental 
o rgan iza t i on  o f  t h e  concepts. 

Reper tory  G r i d  Ana lys i s  

T h i s  technique as used i n  [91 i s  t he  most i n t e -  
g ra ted  c o g n i t i v e  t o o l  f o r  knowledge a c q u i s i t i o n  
o f  those presented here. It inc ludes  an i n i -  
t i a l  d i a l o g  w i t h  the  exper t ,  a r a t i n g  session, 
and analyses t h a t  b o t h  c l u s t e r  t he  ob jec ts  and 
t h e  dimensions on which they were ra ted .  Es- 
s e n t i a l l y ,  i t  i s  a f ree - fo rm r e c a l l  and r a t i n g  
session i n  whicn the ana lys t  makes in ferences 
about the  r e l a t i o n s h i p s  among ob jec ts  and the 
re la tedness o f  t he  dimensions t h a t  t he  exper t  
f i n d s  impor tant .  

Since t h e  use o f  r e p e r t o r y  g r i d  ana lys i s  as an 
e x p e r t  system-bui ld ing t o o l  i s  b e a u t i f u l l y  
covered i n  [9] we w i l l  g i ve  on ly  a b r i e f  out -  
l i n e  here, r e f e r r i n g  the reader t o  [9] f o r  
d e t a i l s .  

They showed nuch more o rgan iza t i on ,  

Repertory g r i d  ana lys i s  i s  a technique t h a t  
comes from persondl c o n s t r u c t  theory,  a c l i n i -  
ca l  t o o l  intended t o  reveal  the s t r u c t u r e  o f  a 
p a t i e n t ' s  emotiondl system. As used i n  knowl- 
edge engineer ing the f i r L t  step i n  the ana lys i s  
i s  an open i n t e r v i e w  w i t h  the  exper t ,  i n  which 
some impor tant  ob jec ts  i n  t i l e  doilldin o f  exper- 
t i s e  are e l i c i t e d .  Once a s e t  o f  i tems i s  
a v a i l a b l e ,  t he  ana lys t  p i cks  se ts  o f  e x p e r t i s e  
are e l i c i t e d .  Once a se t  of i tems i s  a v a i l -  
able, t h e  ana lys t  p i cks  se ts  o f  t h ree  elements 
and asks "What t r a i t  d i s t i n g u i s h e s  any two o f  
these ob jec ts  from the t n i r d ? "  The exper t -  
suppl ied t r a i t  i d e n t i f i e s  a "dimension" i n  the 
domain. Then the exper t  i s  dsked t o  r a t e  a l l  
tr i ree ob jec ts  along the named dimension. Th is  
process o f  ask ing f o r  s a l i e n t  dimensions f o r  
f u r t h e r  t r i p l e s  cont inues u n t i l  t he  a n a l j s t  i s  
s a t i s f i e d  t t i a t  the major dimensions o f  t he  
system have been uncovered. 

The ana lys t  now cons t ruc ts  a m a t r i x ,  o r  g r i d ,  
w i t h  ob jec ts  l a b e l i n g  columns and dimensions 
l a b e l i n g  rows. Then the  exper t  i s  asked t o  
f i l l  i n  a l l  t he  miss ing values, so t h a t  a l l  
ob jec ts  are r a t e d  on a l l  dimensions. 

It i s  now poss ib le  t o  perform a c l u s t e r  anal -  
y s i s  on b o t h  ob jec ts  and dimensions, u s i n g  an 
approp r ia te  s i m i l a r i t y  measure between t t ie  
vectors  o f  i n t e r e s t .  Such analyses are used t o  
i d e n t i f y  p r o t o t y p i c a l  dimensions and iterl is. 

CONCLUSION 

J u s t  as a s t a t i s t i c i a n  maKes judgments aoout 
the  s u i t a b i l i t y  o f  a data s e t  t o  the  assump- 
t i o n s  o f  a proposed ana lys i s ,  t he  knowledge 
engineer must make judgments o f  t he  s u i t a b i l i t y  
o f  a method f o r  knowledge e l i c i t a t i o n  t o  the  
k i n d s  o f  knowledge the  exper t  i s  assumed t o  
possess. There are a nunber of ways these 
techniques can be misappl ied f o r  s c i e n t i f i c  
d iscovery o f  inental organizat ions.  However, i f  
used ds exp lo ra to ry  t o o l s ,  these techniques can 
b r i n g  a g rea t  deal o f  i n fo rma t ion  t o  the  knowl- 
edye engineer [lo]. With them, knowledge engi -  
neers can hope t o  uncover more o f  what exper t s  
know than can be learned through i n t e r v i e w s  o r  
i n t r o s p e c t i o n .  
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